The generation of bioactive products by microbial bioprocesses is important for drug discovery, functional food development, and other beneficial purposes. Many pathways contribute to the production of these bioactive compounds, but important knowledge for improving productivity still remains in hidden pathways. Recently, an abundance of knowledge about metabolic pathways has been accumulated in metabolic pathway databases, such as BioCyc and KEGG. Many by-products are chemically transformed and actually used in other enzymatic reactions. In this work, we developed an algorithm for the reconstruction of a comprehensive genetic pathway model from a known metabolic pathway database. This model considers the interactions of the by-products, in addition to the main products. Furthermore, we developed a method for the construction of a comprehensive pathway model in a specific organism. In this study, we reconstructed a Saccharomyces cerevisiae model. From this model, the pathways among enzymes that contributed to galactose metabolism were explored. Using S. cerevisiae DNA microarray data, the activated pathways were found among the explored pathways.
Introduction
Many bioactive compounds, including lead compounds for the active constituents of cosmetics and novel drugs, are produced by microbial bioprocesses [1] - [3] . For example, kojic acid, a tyrosinase inhibitor, is produced by Aspergillus oryze [4] - [6] . Cyclosporine, which is produced by Tolypocladium inflatum, inhibits the signal transduction mediated by calcineurin [7] - [9] . However, the pathways that are related to the production of these useful compounds have not been clarified. To improve the productivity of useful compounds, the intracellular reactions that are related to the biosynthesis of such compounds should be identified. Furthermore, knowledge of the pathways that are activated in the biosynthesis is important for bioengineering using microorganisms.
Many studies have revealed various aspects of metabolism and other cellular processes' in numerous organisms. This metabolic knowledge has been accumulated in databases such as KEGG [10] - [12] , BioCyc [13] , Reactome [14] and others [15] [16] . These databases are useful for the identification of biological functions from the genome sequences. A metabolic pathway database typically contains information about the chemical transformations and the enzymes catalyzing each transformation, as a metabolic network [16] . This network is represented as a chemical network and a genomic network [17] . The chemical network depicts how compounds are transformed by continuous enzymatic reactions. The genomic network represents how the enzymes are connected by the compounds that they chemically transform. In the metabolic pathway databases, these networks represent pathway maps that are classified by various metabolic categories. The metabolic network usually describes the chemical transformations of the main compounds. In actual metabolism, by-products are produced by enzymatic reactions, in addition to the main products. Since a cell is a closed space, fluctuations in the levels of the by-products are considered to affect the other reactions in the cell. It is assumed that connections of the enzymes by the by-products also exist. Consequently, the comprehensive connections among enzymes are revealed by a pathway model that considers the chemical transformations of all of the compounds, including the main compounds and the by-products.
In order to consider all of the pathways related to the production of useful bioactive compounds, we developed an algorithm for reconstructing a comprehensive pathway model (CPM), which was a comprehensive metabolism network. This network model enabled the fluctuations of compounds to be tracked comprehensively. We proposed a method for constructing a model of a specific organism. We applied our developed method to reconstruct a Saccharomyces cerevisiae model (sCPM). The pathways related to galactose metabolism were explored from sCPM. Furthermore, the activated pathways were visualized with S. cerevisiae DNA microarray data.
Material and Methods

KEGG Database and S. cerevisiae Gene Expression Data
In order to reconstruct a CPM, we used the KEGG database [10] - [12] (2014-04-07 release). In the KEGG database, the KEGG REACTION database contains all of the reaction formulas related to the pathway maps of metabolism, signal transduction, and other cellular phenomena [17] [18] . This database also contains additional enzymatic reactions that are not included within the pathway maps. The pathway maps are retrieved from the KEGG PATHWAY database [18] . The compounds used in these reactions are contained in the KEGG COMPOUND database [18] . The KEGG ORTHOLOGY database contains the ortholog groups, which are functional RNAs and all proteins including enzymes, transcription factors and so on [17] . In the KEGG ORTHOLOGY database, the gene IDs corresponding to each ortholog group are also provided for various organisms, including S. cerevisiae.
The DNA microarray data sets to explore the activated pathways in S. cerevisiae were retrieved from the Gene Expression Omnibus [19] (GEO: http://www.ncbi.nlm.nih.gov/geo/ accession nos. GSM990, GSM991). For the GSM990 and GSM991 data sets, the cells were grown continuously in YP media supplemented with glucose and galactose, respectively. The total RNA of each sample was labeled with Cy5-dUTP [20] , and was compared with a reference pool labeled with Cy3-dUTP [20] .
Algorithm for Reconstructing the CPM
We developed an algorithm to reconstruct a comprehensive pathway model from KEGG data base, by the following three steps. This algorithm uses the data sets of the ortholog group and the enzymatic reactions in the KEGG database.
Step 1 Construction of Compound Combinations
Compound combinations were constructed from substrate-product pairs in an enzymatic reaction. The information about the ortholog groups and the reactions was obtained from the KEGG ORTHOLOGY database and the KEGG REACTION database, respectively. In Figure 1(a) 4 with an index of Ortholog1 were constructed from Reaction1 (Figure 1(b) ). The combinations of compounds were constructed from reverse reactions as well as forward reactions. The ortholog groups, which are related to some enzymatic reactions, were indexed to all compound combination pairs. In the entire KEGG REACTION database, we considered all compound combinations for each enzymatic reaction with both the forward and reverse directions.
Step
Reconstruction of the Whole Compound Network
The whole compound network model, D cpd , was compiled from all compound combinations (Figure 1(c) ). The graph of D cpd is expressed as follows:
where V cpd and A enz denote nodes and arcs, respectively. In D cpd , the ortholog groups are the connections between the compounds. D cpd contains all compounds related to all enzymatic reactions in the KEGG REACTION database, as nodes, and indicates the comprehensive chemical transformation by enzymes.
Step 3 Reconstruction of the CPM The comprehensive pathway model, D enz , was reconstructed from D cpd . In D cpd , the nodes were replaced with arcs. The nodes and the arcs of D enz were the ortholog groups and the compounds, respectively (Figure 1(d) ). In D cpd , each compound was non-redundant. In contrast, some ortholog groups were present as multiple arcs. In D enz , each ortholog group was non-redundant and some compounds were present as multiple arcs. The graph of D enz is expressed as follows:
where enz A′ is a non-redundant subset of enz A′ . cpd V ′ is the set that is constructed by multiplexing elements of V cpd , depending on the number of connections. The constructed D enz was a comprehensive pathway model that is connected by compounds. This model represents all of the enzymatic reactions within a cell. Consequently, a product of one reaction is used as a substrate of another reaction, even if these reactions are far apart in the known metabolic pathways.
Elimination of Compounds from the CPM
Some compounds in D enz should be eliminated from the reconstructed model. Since some compounds connect many pairs of ortholog groups in the D enz model, the amount of fluctuation is considered to be buffered. Furthermore, since these compounds are usually essential for growth, sufficient amounts are assumed to exist in the cell. In order to simplify the CPM, the compounds corresponding to many arcs were eliminated in this process. The compounds were arranged in the descending order of the number of arcs corresponding to them. The high ranking compounds and the nodes with no arcs were eliminated from D enz . The remaining model was the graph D enz_celi , defined as follows.
( )
where
is the arcs remaining after the compound elimination against cpd
is the nodes remaining after the elimination of the nodes that lack connections by arcs.
Method for Constructing an Organism-Specific CPM
To construct a specific CPM for an individual species, we extracted the substructure from the CPM. The CPM contains all ortholog groups, regardless of the organisms. To identify the ortholog groups corresponding to the enzymes encoded in the genome of a specific organism, we utilized the information from the KEGG ORTHOLOGY database. The nodes that did not correspond to a specific organism were eliminated from ( )
where _ enz SO A′ is the nodes remaining after the elimination of the nodes without annotated genes.
is the arcs connecting the remaining ortholog groups.
Path Finding Algorithm
To find the comprehensive pathways from the CPM, we developed an algorithm for path finding. To resolve some problems, some nodes were distinguished in this algorithm. In D enz , all arcs coming into and going out from a node must be a substrate-product pair in an enzymatic reaction. However, some ortholog groups indexed multiple reactions. This means that two compounds, which were coming into and going out from one ortholog group in our model, were not transformed from one to the other in a real reaction. This problem occurred because the substrate and the product were generated from different reactions. A similar problem occurred when considering the forward and reverse reactions for each enzymatic reaction. The forward and reverse reactions can be defined as two reactions that are one-way reactions with different directions. Consequently, two compounds that are coming into and going out from one ortholog group may not be a substrate-product pair. For example, when the forward and reverse reactions were considered as different reactions, the substrates of the forward reaction were identical to the products of the reverse reaction. The products of the forward reaction were also identical to the substrates of the reverse reaction. If two compounds that were coming into and going out from one ortholog group were generated from different reactions, then they were a substrate-substrate pair or a product-product pair. In order to resolve these problems, we distinguished an index for each reaction. The forward and reverse reactions were also distinguished. For example, if one ortholog group indexes three enzymatic reactions with two directions (forward and reverse), then this ortholog group is distinguished to 6 (3*2) indexes.
The possible interactions between the ortholog groups located within the constrained paths were explored comprehensively, by a path finding algorithm. The main function of the algorithm is as follows. First, a variable for the counting depth of exploration was initialized (Figure 2(a) ). Next, a beginning node was obtained (Figure 2(a) ). In this algorithm, the counter and the beginning node were defined as C path and v 0 , respectively.
Finally, a defined function of PATH FINDING was employed (Figure 2(a) ). This function explores nodes that are connected by one path from a provided node, and occurs recursively until the depth of exploration achieves fixed paths (Figure 2(b) ). In this algorithm, C max is fixed as the maximum depth of path finding. The terms v 0,1 , v 0,2 , v 0,3 , … and v 0,n stand for the nodes that are connected by one path from v 0 (Figure 2(b) ). The subscript number denotes the depth of exploration. For example, v 0,1,2 is a node that is connected to v 0 for two paths. The parents of v 0,1,2 are v 0 and v 0,1 . S path is a stack that contains the nodes from v 0 to the current node (Figure 2(b) ). The v 0 is accumulated on S path as an initial value. The S cpd is a stack with the compounds corresponding to the arcs (Figure 2(b) ). The compounds contained in S cpd connect the nodes from v 0 to the current node. The initial value of S cpd is null. In Figure 2(b) , Process1~Process10 are described as follows. PROCESS 1 Increment of the path counter C path C path is increased by 1. PROCESS 2 Acquisition of 1 path connected nodes All nodes that are directly connected to v 0 are obtained. In Figure 2(b) , the number of obtained nodes is n.
PROCESS 3 Ortholog group check
In order to simplify the explored paths, the ortholog group of a node was checked. The nodes of v 0,1 , v 0,2 , v 0,3 , … and v 0,n , which were obtained in PROCESS2, are compared to the nodes in S path one by one. If the current node is not equal to the node in S path , then PROCESS4 is performed. Otherwise, this process is finished. After this process is finished, the next node of v 0,1 , v 0,2 , v 0,3 , … or v 0,n is compared to the nodes in S path . If the last node v 0,n exists in S path , then PROCESS8 is performed. The nodes with the same ortholog group were defined as being equal, even if they were different nodes.
PROCESS 4 Compound check
The Compound check is performed for the same reason as PROCESS 3. The current compound that connects the current node with the top node of S path is compared to the compounds in S cpd . If S cpd is a null set, then PROCESS 5 is performed. If the current compound is not contained in S cpd , then PROCESS 5 is also performed. Otherwise, this process is finished and the next node of v 0,1 , v 0,2 , v 0,3 , … or v 0,n is checked in PROCESS 3. If the compound that connects the last node v 0,n with the top node of S path exists in S cpd , then PROCESS 8 is performed.
PROCESS 5 Pushing a node and arc onto stacks
The current node, which is v 0,1 , v 0,2 , v 0,3 , … or v 0,n , is pushed to the top of S path . The current compound is also pushed to the top of S cpd .
PROCESS 6 Terminus check
This process assesses whether the pathway of S path achieves the target ortholog group. If the top node of S path is equal to the node corresponding to the target ortholog group, then PROCESS 7 is performed. Otherwise, PROCESS8 is performed.
PROCESS 7 Acquisition pathway
The set of nodes in S path is defined as one of the pathways from v 0 to the target ortholog group.
PROCESS 8 Depth check
In this process, the depth of exploration is checked. If C path is smaller than C max , then the function of PATH FINDING is performed recursively, using the top node of S path as the beginning node.
PROCESS 9 Eliminating a node and an arc of stacks
The top values of S path and S cpd are eliminated. PROCESS 10 Decrement of the path counter C path C path is decreased by 1. If C path is equal to zero, then the control returns to the main function. The exploration of the pathway is finished. Otherwise, the control returns to the point where the PATH FINDING function occurs. This exploration revealed the connected pathways from one ortholog group to the specific ortholog group. The pathways consisted of continuous enzymatic reactions. The number of paths on the pathway means the number of enzymatic reactions occurring from a substrate to a product.
Results and Discussion
Overview of the Whole CPM
In this model, each ortholog group was arranged as asingle node. The arcs were also arranged with the nodes. Since one node indicates some different enzymes in this graph, some node pairs were connected by multiple arcs indexed with different compounds. We defined the arcs indexed with the same compound as a single connection. The forward and reverse reactions were considered for all of the enzymatic reactions. Node pairs were connected by two arcs with conflicting directions. These two arcs were regarded as a single, bidirectional arc. In the graph D enz , 3872 nodes were connected by 2,634,193 arcs. Among the 17,685 KEGG registered ortholog groups, approximately 21.9% of the ortholog groups were contained in D enz . In addition, 2801 kinds of compounds were contained in D enz ( Table 1) .
Graph Simplification
We eliminated some arcs from the graph, to simplify the CPM. The details of elimination are denoted as follows. In D enz , some compounds connected many pairs of ortholog groups. The fluctuations of these compounds are likely to be buffered in the cell, and a compound with many arcs is considered to hardly vary. In this study, we eliminated 17 compounds with arc numbers greater than 10,000: H 2 is too complicated to find new pathways, the elimination of too many compounds will cause important interactions to be missed. We assumed that the optimum number of eliminated compounds depends on the focused functions of the enzymes.
Construction of the S. cerevisiae Specific CPM
To infer the by-pass of a known metabolic pathway, we constructed the S. cerevisiae-specific CPM (sCPM). An overview of sCPM is provided in Figure 3 . The multiplexing arcs between the nodes are shown as an arc. In the KEGG database, there are 2693 ortholog groups corresponding to 3570 genes. The reconstructed graph was defined as D SC . In D SC , 547 nodes and 8085 arcs remained from D enz_celi ( Table 1 ). The number of nodes in D SC was approximately 14.3%, in comparison with that in D enz_celi . These eliminated nodes suggested two possibilities: 1) these enzymes were not preserved in S. cerevisiae, although they were preserved in other fungal species or other kingdoms or 2) the genes encoding these enzymes were not found in S. cerevisiae, although these genes were encoded in the genome. Depending on the elimination of nodes, about 94.9% of the arcs were deleted from D enz_celi . In D SC , the average number of arcs per node was 15, while it was 41 in D enz_celi . This means that the nodes that function as hubs connected by many arcs were eliminated. Furthermore, the kinds of compounds that corresponded to the arcs decreased from 2784 to 550 in D SC (Table 1) . Recently, the entire genomes of various organisms have been determined [21] [22] . If the specific CPM to these organisms is reconstructed, then the ortholog ID in the KEGG database should be assigned to the annotated genes of these organisms by KAAS [23] . The number of nodes in each graph; 2 Percentage of the nodes among the total nodes of the entire CPM; 3 The number of arcs in each graph; 4 The average number of arcs per node; 5 The kinds of compounds in each graph. 
Path Finding from sCPM
We applied a path finding algorithm to sCPM. The maximum depth of the path finding was determined to be 5; in other words, the maximum length of a pathway was 5 paths. In sCPM, we explored the pathways that are related to the transformation from α-D-galactose to α-D-glucose-6-phosphate [24] . To explore the pathways, two restrictions were set for the path finding algorithm: 1) the node that the arcs corresponding to α-D-galactose were coming into and 2) the node that the arcs corresponding to α-D-glucose-6-phosphate were goingout from. The arc corresponding to α-D-galactose was coming into the node of "catabolic enzyme of α-D-galactose". The arc corresponding to α-D-glucose-6-phosphate was going out from the node of "biosynthetic enzyme of α-Dglucose-6-phosphate". Two beginning nodes and seven end nodes were selected from the KEGG ORTHO-LOGY database. Within the 5 path length, our algorithm found pathways from K00849 to K00844, K01810, K01792, K01835, K16055 and K00697. All of the pathways from the beginning node to the end nodes are presented in Figure 4(a) . The pathways were merged for visualization. In order to simplify the depiction of the pathways, the multiplexed arcs between nodes are represented as single arcs (Figure 4) . The information about all of the ortholog groups is provided in Table 2 . Since multiple genes corresponded to an ortholog group, some ortholog groups are described several times in Table 2 . If the same ortholog groups were represented, then the gene expression data in this row were mapped in Figure 4 (b) and Figure 4 (c); a Gene expression under the conditions of glucose addition; b Gene expression under the conditions of galactose addition; c If the ortholog group ID was included in the pathway map00052 in the KEGG PATHWAY database, then T was assigned. Otherwise, F was assigned.
To identify the different activated pathways for nutrient conditions, the DNA microarray data sets were mapped onto these pathways. In Figure 4(b) , we mapped the value of log 2 (Cy5/Cy3), in which the ratio is the addition of glucose and a reference pool [20] . In Figure 4 (c), we also mapped the value of log 2 (Cy5/Cy3), in which the ratio is the addition of galactose and a reference pool [20] . If some of the spots corresponded to the same gene on the DNA microarray, then the mean value of these spots was used as the value of the gene. If multiple genes corresponded to an ortholog group, then the value of a gene marked with "*" in Table 2 was mapped. In Figure 4(b) and Figure 4(c) , the induction and repression of gene expression are represented by colors. The deeper green represents strong induction and the deeper red represents strong repression. If the gene expression minimally varied, then the color of the node is close to white. In these pathways, the expression of many genes was repressed by the addition of glucose (Figure 4(b) ; Table 2 ). In contrast, the expression of many genes was induced by the addition of galactose (Figure 4(c) ; Table 2 ). It is well known that some GAL genes are inducted and repressed by galactose and glucose, respectively [25] - [27] . Those GAL genes are represented as some nodes in Figure 4 : GAL1 as K00849, GAL7 as K00965 and PGM2 as K01835. Furthermore, many other genes were identified as galactose metabolism related genes in our explored pathways. Interestingly, those other genes were also activated by galactose. The "Galactose Metabolism" column in Table 2 indicates whether the ortholog group is included in the KEGG pathway map of Galactose Metabolism (KEGG ID map00052). In Table 2 , the genes such as YEL011W and YFR015C were not included in the pathway map of Galactose Metabolism. However, some genes were induced by galactose and repressed by glucose. These genes could have influenced galactose metabolism with other general genes in the pathway map of Galactose Metabolism.
We confined and identified the hidden pathways from CPM. Even though the numerous nodes and arcs make the graph complicated, our path finding algorithm can find the sequential compound reactions that are influenced strongly by the fluctuation. In order to explore the pathways related to the production of a useful compound, it is important that the candidate enzymes are chosen with consideration of the distance on the pathway map.
Conclusion
In this work, we developed an algorithm for the reconstruction of a comprehensive pathway model. This algorithm was applied to S. cerevisiae. The path finding from sCPM revealed the hidden pathways. Some pathways included enzymatic genes that were induced or repressed, as with other known genes in the known pathway maps. The pathways were explored effectively by the combination with the known pathway maps.
